T-cell costimulation molecules B7-1 and B7-2 play an important role in activation of T cells to cytolytic effector function and production of cytokines. Interaction with B7 also causes T cells to upregulate surface molecules, such as CD40L, that effectively stimulate antibody responses in conjunction with cytokines. We have shown that mice lacking both B7-1 and B7-2 (B7KO mice), when infected intravaginally with virulent herpes simplex virus type 2 (HSV-2), developed more severe disease and higher mortality than their wild-type counterparts. We have now investigated the effects of B7 costimulation deficiency on induction of immune responses to HSV-2 infection of the genital tract. Fewer gamma interferon (IFN-␥)-producing T cells were present in the genital lymph nodes of B7KO mice compared to wild-type mice, either acutely after primary infection or in recall responses. Less IFN-␥ and especially interleukin-10 were produced by B7KO mice, and cytolytic T-lymphocyte activity was also attenuated. Reduced expression of CD25 on CD4 ؉ T cells after infection of B7KO mice was consistent with deficits in T-cell activation to effector functions. Although HSV-specific immunoglobulin M (IgM) titers were comparable for both B7KO mice and wild-type mice, B7KO mice had significant deficits in HSV-specific serum IgG responses, with markedly reduced levels of IgG2a and IgG1. In addition, significantly less IgG was detected in the vaginal secretions of B7KO mice than in those from wild-type mice. CD4
T-cell activation is the central event in the evolution of antigen-specific cellular and most humoral immune responses. Activation is dependent upon engagement of an appropriate antigen-major histocompatibility complex (MHC) complex and a signal mediated by engagement of costimulation molecules. Numerous T-cell costimulation partners have now been described (8) . Each appears to have its own niche in regulation of primary and memory immune responses. The B7-1 and B7-2 costimulation molecules were the first described and have been the best characterized. Interaction between B7 costimulation molecules B7-1 and B7-2 with their T-cell ligands CD28 and CTLA-4 is central to T-cell expansion (26) and induction of primary T-cell helper and cytotoxic T-lymphocyte (CTL) responses (18, 25, 51) . Costimulation via B7 molecules also influences the development of class-switched antibody responses (4, 27) .
The milieu in which immune responses develop during virus infection is more complex than that to a single foreign protein.
This may be especially true of immune responses to large, complex viruses such as herpes simplex virus (HSV), which expresses more than 80 viral proteins in infected cells. The importance of B7 costimulation for T-cell activation and function in the context of virus infections has been an area of intense investigation. The effector T-cell response to virus infection has two principal facets, gamma interferon (IFN-␥) secretion and CTL activity. Blockade of B7 interactions by use of mice infused with or expressing CTLA-4-immunoglobulin (Ig) fusion protein, a soluble form of the B7 ligand, revealed an adverse effect on IFN-␥ production by CD8 ϩ T cells during the response to influenza virus (28) and adenovirus (61) . Expansion and activation of primary CD8 ϩ CTL is reduced in response to influenza virus and vesicular stomatitis virus infections (28, 63), but not to lymphocytic choriomeningitis virus (63) . Memory CTL responses to lymphocytic choriomeningitis virus are unaffected (56, 63) . Using mice with disruptions of the B7-1 and B7-2 loci (B7KO mice), McAdam et al. (29) confirmed a deficit in CTL induction in response to vesicular stomatitis virus infection and provided new evidence for a deficiency in memory CTL responses.
Lack of B7 costimulation also has marked effects on the antibody response to virus infection. Whereas the initial IgM response is normal (29, 63) , IgG responses to several viruses are decreased (28, 29, 61, 63) , suggesting a defect in class switching. B7KO mice infected with vesicular stomatitis virus have lower titers of virus-specific IgG2a response and reportedly lack an IgG1 response (29). The level of antigen replication does not influence the extent of immune alteration caused by B7 deficiency. Interestingly, lack of CD40-CD40 ligand (CD40L) interaction, another form of costimulatory signal in-fluential in B-cell responses, results in the same class-switched antibody deficiency as seen when B7 costimulatory pathways are interrupted (5, 42, 60, 61) . These observations have led to speculation that the two pathways are related. Despite extensive investigations into specific immune deficits caused by loss of B7 costimulation, the mechanisms underlying them are not completely understood.
Immune responses to HSV infection have provided a useful model system with which to investigate the importance of B7 costimulation in response to virus infection. In mice infused with CTLA-4-Ig and infected in the footpad with HSV-1, CD8
ϩ CTL responses ex vivo are diminished and, as was seen with vesicular stomatitis virus, memory CTL maintenance is depressed (13) . The first significant observations regarding the influence of B7 costimulation on antiviral CD4
ϩ T-cell responses were also made. A transient decrease in the expansion of IFN-␥-producing CD4 ϩ T cells in draining lymph nodes during the acute response to HSV-1 infection was observed. Lower interleukin (IL)-2 production by virus-responsive T cells was also noted and was theorized to be responsible for the limited expansion of IFN-␥-producing cells (13) .
CTLA-4-Ig administration causes a reduction in IFN-␥ synthesis during the recall response to UV-inactivated HSV (15) , suggesting an inhibitory effect on HSV-specific CD4 ϩ T-cell activation. The impact of disrupted B7-ligand interactions on humoral responses to HSV is less clear. HSV-specific IgG levels are lower in mice infused with CTLA-4-Ig (15) . However, whereas IgG class-switched antibody responses to influenza virus (28) and vesicular stomatitis virus (29) show decreased IgG2a and especially IgG1, a surprising increase in the amount of IgG1 produced in response to HSV infection was previously noted (15) .
In a mouse model of genital infection with HSV-2, virus replicates in defined locations at the site of mucosal inoculation and in sensory neurons innervating the mucosa. We have previously shown that mice genetically deficient in the B7-1 and B7-2-mediated costimulation pathways are more susceptible than wild-type mice to severe infection after intravaginal inoculation of HSV-2 (57). T cells (30, 33, 43) and IFN-␥ produced by them (32, 44) play important roles in clearance of HSV infection from the genital tract, and HSV-specific antibody helps protect the nervous system from infection (12, 38, 49) . We therefore hypothesized that the increased pathogenicity of HSV-2 in mice that lack the B7 costimulation molecules was related to decreased primary T-cell responses in the genital lymph nodes and a deficiency in T-cell help for antibody production.
In this study, we examined T-cell effector functions and antibody responses to intravaginal infection with HSV-2 in B7KO mice. Our results expand upon previous observations of deficits in T-cell activation to effector functions, and by examining soluble and cell-associated forms of help for immune response induction, we elucidate a mechanism by which deficits in class-switched antibody responses in the absence of B7 costimulation likely occur.
MATERIALS AND METHODS
Viruses. An attenuated, thymidine kinase-deficient strain of HSV-2, 186tk⌬Kpn (10), was used in immune response studies to promote survival of infected mice. An infectious but nonreplicating strain of HSV-2, 5BlacZ (9), was used to infect stimulator cells in vitro. Virus stocks were grown and virus titer was determined in Vero cells and S2 cells (16) , respectively, as previously described (23, 37). UV inactivation of 5BlacZ (36) reduced its titer on S2 cells by Ͼ4 log 10 PFU.
Mice. Female mice genetically deficient in B7-1 and B7-2 (B7KO mice) (4), backcrossed for 10 generations onto a BALB/c background, were used at 6 weeks of age. B7KO and age-matched BALB/c mice (National Cancer Institute, Frederick, Md.) were housed under specific-pathogen-free conditions in accordance with institutional and federal guidelines.
Infection. Female mice were injected subcutaneously in the neck ruff with medroxyprogesterone acetate (Depo-Provera; Pharmacia and UpJohn) (3 mg/ mouse in a 100-l volume) 5 days prior to intravaginal infection. On the day of infection, mice were anesthetized by intraperitoneal injection of sodium pentobarbital (1.6 mg/mouse), swabbed with a type 1 calcium alginate swab (Puritan, Guilford, Maine), and inoculated intravaginally with a 5-l volume containing 3 ϫ 10 5 PFU of HSV-2 strain 186tk⌬Kpn. CTL assays. Spleens and genital lymph nodes were harvested 5 days after infection of mice with 186tk⌬Kpn. Single-cell suspensions were prepared, and splenic mononuclear cells were isolated by centrifugation over lymphocyte separation medium (ICN, Costa Mesa, Calif.). Cells were suspended at a concentration of 10 7 cells/ml in RPMI containing 5% fetal calf serum and 50 M ␤-mercaptoethanol and stimulated in vitro for 5 days with syngeneic splenocytes infected at a multiplicity of infection of 5 with 186tk⌬Kpn and then ␥-irradiated (2,000 rads). A20-1.11 or P815 syngeneic target cells were uninfected or infected for 15 h with HSV-2 186tk⌬Kpn before use.
Effector and target cells were cultured together in triplicate at ratios of 20:1, 50:1, and 100:1. After 5 h of culture, a 50-l volume of supernatant from each well was transferred to a fresh 96-well microtiter plate and stored at Ϫ80°C. CTL activity was determined by measuring lactate dehydrogenase release from the cytosol of target cells with a lactate dehydrogenase detection kit (CytoTox96 nonradioactive cytotoxicity assay kit; Promega, Madison, Wis.). Supernatants were thawed and subjected to a colorimetric assay according to the manufacturer's instructions, and absorbance was read at 490 nm. Percent cytotoxicity was calculated as [(experimental sample release Ϫ effector spontaneous release Ϫ target spontaneous release)/(target maximum release Ϫ target spontaneous release)] ϫ 100.
Intracellular cytokine staining. Genital lymph nodes and spleens were collected 4 days (acute) or 4 weeks (memory) following infection of B7KO or BALB/c mice with 186tk⌬Kpn. Alternatively, mice were reinfected 4 weeks after primary infection, and genital lymph nodes and spleens were collected 4 days later (recall). Single-cell suspensions were prepared as described above, and cells were stimulated in vitro in RPMI containing 2% fetal calf serum and phorbol myristate acetate (50 ng/ml), calcium ionophore A23187 (1 g/ml), and GolgiStop (1 l/1.5 ml; PharMingen, San Diego, Calif.) for 5.5 h. Following stimulation, cell surface staining was performed with 0.5 g of anti-CD4 conjugated to fluorescein isothiocyanate or 0.5 g anti-CD8 conjugated to fluorescein isothiocyanate (both from Caltag, Burlingame, Calif.), and intracellular staining was performed with anti-IFN-␥ conjugated to phycoerythrin (PharMingen) with a Cytostain kit (PharMingen) according to the manufacturer's instructions. Staining was visualized by flow cytofluorometric analysis on a FACSCalibur cytometer (Becton Dickinson, San Diego, Calif.). Ten thousand gated events were collected for each sample, and analysis was conducted with CellQuest software (Becton Dickinson).
Cytokine quantitation. Spleens and genital lymph nodes were harvested from mice 5 days (acute) or 4 weeks (memory) after primary infection or 5 days after secondary (recall) infection, and single-cell suspensions were prepared as described above. Cells (10 6 cells/well) were cultured in 96-well plates in medium alone (RPMI with 5% fetal calf serum and 50 M ␤-mercaptoethanol) or with UV-inactivated HSV-2 (5BlacZ at a multiplicity of infection equivalent to 0.5) or with 5 ϫ 10 5 syngeneic splenocytes infected at a multiplicity of infection of 3 to 5 with HSV-2 5BlacZ for 16 h and subjected to 2,000 rads of ␥-irradiation. To wells containing medium or UV-HSV, 5 ϫ 10 4 uninfected, irradiated feeder cells were also added. Supernatants were collected after 48 h of culture at 37°C in 5% CO 2 . Cytokine concentrations (IFN-␥, IL-4, and IL-10) were determined by sandwich enzyme-linked immunosorbent assay (ELISA) as previously described (38).
CD25 and CD40L expression. Spleen and genital lymph nodes were collected 4 days after infection of mice with 186tk⌬Kpn. Single-cell suspensions were prepared as described above, and cells (10 6 ) were stained with anti-CD4-fluorescein isothiocyanate or anti-CD8-fluorescein isothiocyanate (Caltag) and 0.5 g of anti-CD25-phycoerythrin (Cedarlane, Ontario, Canada) or 1 g of biotinylated anti-CD40L (PharMingen) followed by streptavidin-CyChrome in phosphate-buffered saline containing 0.2% bovine serum albumin and 0.1% azide.
Staining was visualized by flow cytofluorometric analysis. Ten thousand gated events were collected and analyzed as described above.
Quantitation of serum and secreted antibodies. To determine the titer and isotype of HSV-specific serum antibodies, blood was collected from the tail vein of mice at various times postinfection with 186tk⌬Kpn. Serum was prepared by clot retraction and analyzed by ELISA as previously described (35). For the IgG ELISA, anti-mouse IgG-biotin (R&D Systems, Minneapolis, Minn.) was used as the secondary antibody, followed by streptavidin-horseradish peroxidase (Zymed, San Francisco, Calif.). For the IgG2a, IgG1, and IgM ELISAs, antimouse IgG2a-horseradish peroxidase, anti-mouse IgG1-horseradish peroxidase, and anti-mouse IgM-horseradish peroxidase (all from Southern Biotechnology Associates, Birmingham, Ala.) were used, respectively. Plates were developed with o-phenylenediamine hydrochloride (Sigma, St. Louis, Mo.) and read at 490 and 630 nm in a Biotek EL340 plate reader. Antibody titers were determined by comparison to standard curves generated with purified antibody of known concentration captured on plates coated with goat anti-mouse kappa light-chain antibody (Caltag).
Statistical analyses. Significance of differences in antibody titers on individual days was determined by t test.
RESULTS
The influence of B7 costimulation molecules on the development of T-cell effector function in response to HSV was examined. BALB/c and B7KO mice were infected intravaginally with attenuated HSV-2, and splenocytes and genital lymph node cells were analyzed at various times postinfection.
CTL activity. Five days after intravaginal infection, mononuclear cells from the genital lymph nodes and spleens of B7KO and wild-type mice were restimulated in vitro and tested for CTL activity against infected P815 (MHC class I ϩ ) and A20 (MHC class I/II ϩ ) target cells. Splenocyte cultures from BALB/c mice had a greater capacity to lyse A20 target cells than did cultures from B7KO mice at all effector-to-target cell ratios (Fig. 1A) . The deficit in B7KO CTL activity was more pronounced in the genital lymph nodes, where only 9% lysis occurred at an effector-to-target cell ratio of 100:1, compared to 40% lysis by cells from BALB/c mice (Fig. 1B) . Lysis of P815 target cells by splenocytes and genital lymph node cells was minimal (data not shown), suggesting that CTL activity in response to infection of the vaginal mucosa was principally mediated by MHC class II-restricted T cells. These results indicate that development of CTL effector function in B7KO mice is impaired in comparison with BALB/c mice and that cells with functional CTL activity are concentrated closer to the site of infection.
Cytokine-producing cells. Intracellular cytokine staining and flow cytofluorometric analysis of genital lymph node cells from mice undergoing acute infection revealed that fourfold more CD8 ϩ T cells from BALB/c mice produced IFN-␥ than did those from B7KO mice ( Table 1 , experiment 1). In contrast, no clear difference existed between BALB/c and B7KO mice in either the numbers of IFN-␥-producing CD4 ϩ T cells in the genital lymph nodes or the numbers of IFN-␥-producing CD4 ϩ and CD8
ϩ T cells in the spleen. However, during the memory phase of the response to HSV-2, four-to fivefold more IFN-␥-producing CD8 ϩ and CD4 ϩ T cells were maintained in the spleens of BALB/c mice compared with B7KO mice (Table 1 , experiment 2). Upon secondary infection, fivefold more IFN-␥-producing CD8 ϩ T cells were again found in the genital lymph nodes of BALB/c mice than B7KO mice, suggesting that expansion and/or recruitment of cytokine-producing cells in B7KO mice was adversely affected by lack of B7 costimulation.
Cytokine production. Spleen and genital lymph node cells from mice 5 days postinfection were stimulated in vitro with either UV-inactivated virus or infected, irradiated splenocytes, and supernatants were collected for cytokine quantitation by ELISA. UV-inactivated HSV-2 would be expected to preferentially stimulate CD4 ϩ , MHC class II-restricted T cells; infected, irradiated splenocytes would preferentially stimulate CD8 ϩ , MHC class I-restricted T cells. Splenocytes from BALB/c mice secreted more IFN-␥ into the culture medium in response to either stimulus than did those from B7KO mice ( Table 2 ; P ϭ 0.06 to 0.08), even though BALB/c and B7KO splenocytes contained equivalent numbers of IFN-␥-producing cells (Table 1 , experiment 1). Considering that baseline levels of IFN-␥ were higher in BALB/c mice, it appears that B7KO mice responded well to infection by production of IFN-␥ but that the overall amount of IFN-␥ produced during infection was inferior to that produced by BALB/c mice.
More IL-4 was produced by BALB/c splenocytes, but only in response to UV-inactivated virus (Table 2 ; P ϭ 0.01). Genital lymph node cells of B7KO and BALB/c mice secreted equivalent amounts of IFN-␥ at 5 days postinfection. Either antigenic stimulus provoked two-to sixfold more IL-10 from both splenocytes and lymph node cells of BALB/c mice compared to B7KO mice (Table 2 ; P Յ 0.0001). Cellularity of genital lymph nodes and spleens was comparable between the two mouse strains, suggesting that differences seen in cytokine production in vitro would translate to differences in total amounts of cytokines produced in vivo. During recall responses to genital infection with HSV-2, BALB/c splenocytes and lymph node cells produced more IFN-␥ than cells from B7KO mice (Table 3) , even though they had equivalent numbers of IFN-␥-producing cells in the spleen at that time (Table 1 , experiment 2). IFN-␥ production by genital lymph nodes of BALB/c mice responding to the infected-and irradiated-cell stimulus was twofold greater than that by genital lymph nodes of B7KO mice, but only slightly greater in response to the UV-inactivated virus (Table 3) . IL-10 production was again higher in spleen and lymph nodes of BALB/c mice than B7KO mice (Table 3) , but IL-4 production was not significantly different between the two mouse strains. Taken together, these results suggest that BALB/c splenocytes were more efficient producers of IFN-␥ but that IFN-␥ production by lymph node cells from B7KO mice was normal despite lower numbers of IFN-␥-producing CD8 ϩ T cells. The results also suggest that CD4 ϩ T cells may be the principal contributor to IFN-␥ production. IL-10 synthesis during both the acute and recall responses was significantly greater when B7-1 and B7-2 could be expressed.
CD25 expression. Cells that strongly express the high-affinity IL-2 receptor are the most likely candidates for immediate precursors of effector cells (31). Because B7KO mice have reduced CTL and cytokine responses to HSV-2, we examined the activation state of CD4 ϩ T cells by analyzing CD25 expression following intravaginal infection with HSV-2. Compared with B7KO mice, cells in the genital lymph nodes ( Fig. 2A) and spleens (Fig. 2B) of BALB/c mice had a greater percentage of CD4 ϩ T cells also staining for CD25 and a larger increase over background levels in naïve mice. At 7 days postinfection, more CD4 ϩ T cells in both mouse strains expressed CD25, but BALB/c mice still had a greater percentage of CD4 ϩ CD25 ϩ cells. Small numbers of CD8 ϩ T cells expressed CD25 in BALB/c mice by day 7, with fewer in B7KO mice (data not shown). These results indicate that fewer T cells are activated in B7KO mice, which suggests that they are not as capable of expansion and differentiation to effector functions as T cells from wild-type mice.
Antibody responses. To determine the extent to which lack of B7 costimulation influenced B-cell class switching and antibody production, serum was collected from BALB/c and B7KO mice at intervals of up to 6 weeks after intravaginal infection with HSV-2 and assayed for HSV-specific antibodies by ELISA (Fig. 3) . The HSV-specific IgM response rose in both B7KO and BALB/c mice by 10 to 14 days after infection to a peak of 500 ng/ml and then subsided (Fig. 3A) . The only statistically significant difference in titer observed between the groups occurred at day 14. In contrast, HSV-specific IgG responses were consistently lower in B7KO mice (Fig. 3B ). B7KO IgG responses peaked at day 14 and then reached a nadir on day 42 at a level 310-fold lower than that in BALB/c mice. Titers in BALB/c mice continued to climb through day 28 postinfection and were maintained to 42 days postinfection. This deficit in B7KO antibody titer was reflected in the HSV-specific IgG2a (Fig. 3C) and IgG1 (Fig. 3D ) isotype titers, which both remained steady at low levels in B7KO mice but increased over time in BALB/c mice. At the peak of the response in BALB/c mice, IgG1 and IgG2a titers were approximately 150-fold and 230-fold higher, respectively, than levels in B7KO mice. HSV-specific IgG titers in the vaginal lumens of BALB/c mice mirrored production in the serum, with a peak in IgG at day 28 (Fig. 4A) . In comparison, IgG titers in B7KO mice remained constant at a level that was 20-fold lower. Relatively little HSV-specific IgA was produced by either mouse strain (Fig. 4B) , and B7KO mice did not show a deficiency compared to BALB/c mice, suggesting that IgA class switching and production are controlled by mechanisms independent of B7 costimulation.
CD40 ligand expression. The relative shortage of IFN-␥ that we had observed in B7KO mice may have contributed to lower levels of IgG2a produced in B7KO mice because this cytokine helps drive B-cell maturation and class switching to IgG2a (53, 54) . A second stimulus to the B-cell differentiation process is CD40L, which contributes to IgG1 isotype switching and antibody production (5, 46, 61) . We therefore tested the hypothesis that in B7KO mice with reduced T-cell activation, failure of
CD4
ϩ T cells to upregulate CD40L expression leads to diminished CD40L-dependent IgG1 antibody responses.
BALB/c and B7KO mice were infected intravaginally with HSV-2, and T cells were analyzed for CD40L expression directly ex vivo 4 days after infection. The percentage of CD4 ϩ
CD40L
ϩ T cells more than doubled in the genital lymph nodes of BALB/c mice in response to infection, but no increase was observed in B7KO mice (Fig. 5A) . A more modest increase was also seen in the spleen of BALB/c but not B7KO mice (Fig. 5B) . These in vivo results indicated that the B7KO mice do not upregulate expression of CD40L as efficiently following virus infection as their wild-type counterparts.
As shown in Fig. 5C , further in vitro stimulation with UVinactivated HSV-2 caused CD4 ϩ T cells from B7KO genital lymph nodes to upregulate CD40L expression comparably to those from BALB/c mice. The overall percentage of CD4 ϩ T cells expressing CD40L still lagged, however. In splenocyte cultures, a deficit in induction of CD40L expression on B7KO cells remained (Fig. 5D ). These in vitro results indicate that while CD40L is expressed following further stimulation of T cells, significantly fewer CD4 ϩ T cells express CD40L in B7KO mice compared to wild-type mice. Because fewer CD40L ϩ cells are observed both in vivo and in vitro, we conclude that less CD40L is available to stimulate B cells via CD40 crosslinking and that this likely contributes to the deficit in IgG class switching and/or production. by IL-12 and costimulation molecules (31, 39). B7 binding to CD28 transduces a signal for IL-2 production and T-cell proliferation (26). Edelmann and Wilson (13) observed decreased expansion of HSV-specific CD4 ϩ T cells in vitro in the presence of CTLA-4-Ig, which could be partially restored by addition of IL-2. We have demonstrated that activation of T cells to express CD25 for IL-2 responsiveness is impaired in HSVinfected B7KO mice, providing in vivo evidence of decreased proliferative potential. Weaker activation of T cells to expand in B7KO mice, as evidenced by reduced numbers of CD4 ϩ
DISCUSSION

CD25
ϩ T cells, provides one possible mechanism for the reduced CTL activity and cytokine secretion observed. Lack of B7-CD28 interaction may alternatively have direct effects on development of effector functions.
Acute infection of B7KO mice results in more severe genital and neurologic disease and mortality than infection of BALB/c mice (57) . The T-cell response to acute infection with HSV-2 mediates virus clearance from the mucosa and limits virusinduced pathology (33, 43). IFN-␥-producing CD4 ϩ T-cell and CD4 ϩ CTL influx into the genital lymph nodes and genital tract occurs 5 to 6 days postinfection and coincides with virus clearance (32, 34). We did not find a difference in the number of CD4
ϩ IFN-␥ ϩ T cells in genital lymph nodes 4 days after intravaginal infection of B7KO and BALB/c mice. However, a transient decrease has been observed at later times after footpad infection of CTLA-4-Ig-treated mice (13), and we did find fewer memory CD4
ϩ IFN-␥ ϩ T cells in the spleens of B7KO mice (Table 1 ). These observations support the possibility that
CD4
ϩ IFN-␥ ϩ T cells do not expand normally in B7KO mice at later times after acute HSV infection or do not efficiently enter a memory state. CD8 ϩ IFN-␥ ϩ T cells were reduced in number in the genital lymph nodes of B7KO mice during the acute response to HSV-2 infection, consistent with observations in mice treated with CTLA-4-Ig prior to footpad infection with HSV-1 (13). CD8
ϩ IFN-␥ ϩ T cells were also reduced in number during recall responses to HSV infection. IFN-␥ production was lower only in the spleens of B7KO mice, however, suggesting that the CD8 ϩ IFN-␥ ϩ T-cell deficit did not have a major impact on the overall amount of IFN-␥ produced. These results also suggest that IFN-␥ may not be the principal mediator of enhanced protection of wild-type versus B7KO mice after intravaginal infection with HSV-2, but time postinfection and cytokine synthesis by T cells in the genital tract itself remain critical unexplored factors.
CTL activity in the genital tract and draining lymph nodes of HSV-2-infected BALB/c mice is predominantly mediated by CD4 ϩ T cells (34). We observed reduced CTL activity in the genital lymph node cells of B7KO mice, and this CTL activity was manifest only on MHC class II-expressing target cells. Thus, generation of antiviral CD4 ϩ CTL activity, like CD8 (17) demonstrated that activation of T cells rapidly induces significant alterations in their trafficking patterns. In the absence of B7 costimulation, T-cell synthesis and secretion of MIP-1␣ and RANTES are inhibited (19), and upregulation of CXCR3 on Th1 cells requires B7 signaling (11) . In B7KO mice, weaker T-cell activation may cause attenuated responsiveness to chemokines and reduced recruitment of CTL to the site of infection, resulting in lower apparent activity. This possibility is under investigation.
Weaker T-cell activation in the absence of B7 costimulation has multiple consequences for the nascent immune response, but whether the effects are direct or indirect is a matter of conjecture. For example, inhibition of the CD40L-CD40 interaction in T-cell-antigen-presenting cell interactions has been linked to decreased production of IL-12 and IFN-␥ for Th1 responses (58, 59) . In addition, plasmid DNA-based CD40L expression enhances T-cell proliferation and IFN-␥ production in response to coexpressed HSV-2 gD (52). Roy et al. (47) suggested that T-cell receptor-CD4 interactions with antigen-MHC complexes on antigen-presenting cells induce CD40L expression independently of B7 costimulation. On the other hand, CD28-B7 cognate interactions may be important in amplifying CD40L expression for optimal Th1 development (58) . Second, strong transcriptional activation of the CD40L promoter in response to T-cell receptor ligation requires stimulation through CD28 (45), presumably via B7 on the initial antigen-presenting cell surface. Our observation that CD40L expression on CD4 ϩ T cells from the genital lymph nodes of infected B7KO mice is reduced suggests that impaired T-cell effector functions in the absence of B7 may be at least in part due to CD40L deficiency.
Role of B7 costimulation in antibody responses to HSV. We found major deficits in HSV-specific IgG production in B7KO mice compared to BALB/c mice. Production of both HSVspecific IgG2a and IgG1 was decreased, and to equivalent extents. Our results are in concert with those of McAdam with vesicular stomatitis virus infection of B7KO mice (29) but in contrast to those of Gangappa, who found that CTLA-4-Ig treatment of HSV-infected mice suppressed IgG2a but stimulated IgG1 production (15) . The basis for this discrepancy is unknown.
Can the specific deficits in class-switched antibody responses in B7KO mice be explained by the defects in T-cell activation that we observed? Contact with specific antigen induces B cells to undergo activation, increasing expression of B7 molecules. In conjunction with antigen receptor engagement, cytokine and CD40L signals provided by antigen-activated T cells stimulate B-cell division and differentiation, including isotype switching (58) . Class switching to each isotype of antibody is differentially regulated: IFN-␥ induces IgG2a synthesis (53, 54) , while IL-4 and IL-10 stimulate production of IgG1 (53) . In the absence of B7, diminished cytokine synthesis resulting from attenuated T-cell activation could have a significant impact on class-switched antibody levels, either globally or in an isotype-specific manner.
Strom et al. (55) have shown that CD40 ligation increases germ line C␥1 but not C␥2a transcripts and that subsequent S/S␥1 switch recombination occurs only in the presence of IL-4 or lipopolysaccharide. One implication of these findings is that IFN-␥ may be the primary signal determining B-cell competence for IgG2a synthesis, and we did observe less IFN-␥ produced by splenocytes of B7KO mice responding to primary or secondary HSV infection, although the difference was only marginally significant. Second, these observations imply that class switching to IgG1 is regulated more by cell-cell interactions than is switching to IgG2a.
CD40L expression on T cells is dependent upon the activation state of the cell (1, 41, 47, 48) , and lack of CD28-B7 engagement in some cases depresses IL-4 production (14, 50). Interestingly, IL-4 production was not consistently reduced in B7KO mice, although the low levels of cytokine detected make definitive interpretation difficult. CD40L expression was, however, significantly higher in BALB/c mice, and CD40L transgenic mice have accelerated IgG1 production to T-dependent antigen (46). Thus, CD40L appears to be a limiting factor in class switching to IgG1 and/or IgG1 production. IL-10 synthesis was also significantly greater in BALB/c spleen and lymph node cultures. Whether the IL-10 derives from macrophages, T cells, or B cells themselves, its effect would be to enhance the production of IgG1 by CD40-activated B cells (2, 6) . These observations support the concept that the effect of B7 deficiency on HSV-specific IgG1 production occurs chiefly through its effect on T-cell activation to express CD40L and to produce IL-10.
McAdam et al. (29) attributed the differences in vesicular stomatitis virus-specific antibody levels observed between B7KO and BALB/c mice to an inability of B cells from B7KO mice to undergo class switching. Alternatively, class switching may occur normally in B7-deficient mice, but lack of B7 may prohibit production of factors that enhance antibody synthesis. In a system in which antigen-specific resting B cells are stimulated with CD40L and IL-4, ligation of B7-2 on B cells enhances IgG1 production without affecting IgG1 B-cell precursor frequency or the percentage of secretory IgG1-positive B cells (22). In vivo, if B cells undergo class switching but are not successfully stimulated to produce antibody, one would expect the level of IgM to peak and then decline with the switch to IgG. This was indeed what we observed. Further experiments will be necessary to determine whether signal transduction via B7 costimulation molecules on B cells influences B-cell responses and whether it affects IgG2a and IgG1 synthesis rather than isotype switching in vivo.
Interestingly, CD40-deficient, CD40L-deficient, and B7KO mice exhibit remarkably similar deficits in cytokine secretion (20, 61) and class-switched antibody levels in response to virus infection (5, 60, 61) . The observations that CD40 ligation results in increased B7-2 expression on B cells (3, 7, 21, 40) and that CD40L
Ϫ/Ϫ mice fail to efficiently upregulate B7 on B cells (5) raise questions about whether the CD40/CD40L deficit influences antibody production directly or indirectly by preventing B7 upregulation for interaction with CD28/CTLA4. One possible explanation for the similarly profound impact on the antibody responses of B7KO and CD40L Ϫ/Ϫ mice is that ligation of either B7 or CD40 on the B cell sends a competence signal for class switching or Ig production; however, levels of B7 on B cells or CD40L on T cells must be sufficient for signal transduction. Thus, in the absence of B7 costimulation, T cells are suboptimally activated and express diminished levels of CD40L.
With reduced CD40L-CD40 interaction, B cells from B7KO mice are not stimulated to produce class-switched antibody at wild-type levels. Defects in CD40L expression and cytokine production may be the mechanism by which antibody responses are compromised in the context of B7 deficiency. Support for this hypothesis comes from a recent study in which blockade of B7-1, B7-2, and CD40L was required to completely inhibit induction of primary immune responses to an adenovirus vector (62) . Experiments to test this hypothesis are in progress. 
